We investigated the upper and lower vertical limits of the distribution of inhabitants
A lthough 97% of all unfrozen freshwater is subterranean, it harbors approximately 8% of the known freshwater aquatic species (Gibert and Deharveng 2002) . This discrepancy clearly suggests that strong environmental filters operate at the boundary of the most common freshwater habitat of the Earth, which qualify subterranean aquatic habitats as extreme habitats. Given that the most common freshwater habitat-groundwater-is, in fact, an extreme environment, it is surprising that relatively little attention has been paid to the ecological and evolutionary dynamics operating at the upper boundary, let alone the extreme environmental factors operating at the lower boundary. We argue that it is time to address two related questions, each of which can serve as important guideline for future research of broad interest.
The first question is what the upper limits are to the distribution of subterranean species. Why do subterranean species not move to the less extreme photic environments on the surface, especially when there is no physical barrier? The answer would seem to be that the extreme conditions of subterranean life, which require distinct specialization, make stygobionts (obligate inhabitants of groundwater) singularly unfit for life in photic environments, because of both physical and biotic conditions. Most stygobionts share the specialized morphological features of reduced or absent eyes and pigment and the elaboration of extraoptic sensory structures, termed troglomorphy (Culver and Pipan 2009 ).
Especially noteworthy are "regressive" features, such as the reduction in eyes and pigment, which reduce fitness in photic habitats. However, photic environments rich in food sometimes have subterranean, troglomorphic species. We review published data and identify cases in which there is significant, long-term persistence of troglomorphic species along borders of photic environments. Furthermore, we review which biological and physical factors may operate at the upper boundary and maintain the clear distinction between the two ecosystems. We finally hypothesize that species adapted to a subterranean environment needed to evolve behavioral mechanisms in order to successfully use resources along the boundary of the less extreme photic habitat (Ravigné et al. 2009 ).
The second question is what the lower vertical limits are of eumetazoan life in groundwater. In general, conditions favorable for life decline with depth, including a reduction in organic carbon, nutrients, and oxygen (Culver and Pipan 2009 ). In addition, temperature and pressure increase, eventually to lethal levels. Although cave (cavity) development declines with depth as well, there are many cavities at depths of 4-5 kilometers (Dublyansky 2000) , where secondary (solutional) porosity may be as great as 18%-28%. At these depths, the pressure may exceed the strength of the rocks, and cavities may exist only when they are filled with water or other liquids (Dublyansky 2000) . In theory at least, stygobionts could occur in cavities several kilometers deep, if they could survive high temperature, high pressure, and low oxygen. The second aim of this contribution is to explore published data for the lower vertical limit of metazoan species living in aquatic subterranean habitats (stygobionts) and to estimate the theoretical extremes at which metazoan species could survive. With these data, we reconsider which ecological factors might define the vertical boundaries of subterranean ecosystems. We point out different processes operating at the upper and lower boundaries and lay out some suggestions for future research that should help us better understand the vertical distribution of groundwater species.
Patterns and processes at the upper boundary
Are stygobionts along the upper boundary accidental occupants of photic environments?
Among the most species-rich aphotic habitats are those very close to the surface-shallow subterranean habitats (Culver and Pipan 2014) . A number of these habitats are within a few centimeters of photic habitats. The shallowest of all aquatic subterranean habitats is the hypotelminorheic, which occurrs in leaf litter and gravel centimeters from the surface Pipan 2009, 2014) . Many troglomorphic species are known from hypotelminorheic habitats and springs (Fišer et al. 2006) , the classic ecotone between surface and subsurface. The species richness of stygobionts in these habitats often rivals or exceeds that of caves and other deeper subterranean habitats (Culver and Pipan 2014) . Given this proximity, it is not surprising that troglomorphic species are at least occasionally found in photic habitats. The critical question is whether troglomorphic species collected in such ecotones are accidental or permanent inhabitants of the subterraneansurface boundary, including some photic habitats.
The groundwater amphipod genus Niphargus is an ideal model group for the examination of the nature of the upper boundary of subterranean life (Fišer 2012) . It is a relatively well-studied groundwater genus, with over 300 species distributed throughout the western Palearctic, inhabiting virtually all subterranean habitats (Fišer 2012) , as well as some photic waters close to the subterranean-surface boundary.
Niphargus species have been reported from numerous localities across the lowlands of the Danube, Ain, and Po rivers and from the northwest Dinaric Mountains (table 1). The habitats include seeps, springs, and unspecified surface stations. Most or all of these photic habitats are connected to aphotic habitats, albeit shallow ones. None of the occurrences in photic habitats can be ascribed to the catastrophic washout of individuals during floods. All of the cases listed in table 1 are the result of multiple observations of persistent populations.
In a phylogenetic context, all of the species listed in table 1 have likely evolved from subterranean ancestors. The genus itself is estimated to be over 80 million years old (McInerny et al. 2014 ) and likely colonized groundwater about 30-50 million years ago (Fišer 2012) . This suggests that all extant lineages likely underwent a period in which they were exposed to subterranean selective pressures. The species listed in table 1 are not basal in Niphargus phylogeny but are clearly derived from subterranean ancestors (McInerny et al. 2014 ). Prendini and colleagues (2010) addressed the same issue and came to similar conclusions for scorpions in the family Typhlochactidae and suggested that fully cave-adapted species indeed thrive in close proximity to photic habitats.
Why do subterranean species feed along upper boundary of the aphotic zone?
Ecological-evolutionary dynamics along the upper boundary can be studied within the framework of opposing selective factors that operate on stygobionts. The first question to be considered is why troglomorphic species thrive at the boundary at all. Nutritional resources, including organic carbon, are much greater in photic environments. With the exception of relatively rare and energetically inefficient chemoautotrophy (Culver and Pipan 2009 ), aphotic habitats have only organic carbon that is produced by photosynthesis in photic habitats. In general, the closer the habitat is to the surface, the greater the organic carbon (Culver and Pipan 2014) . Moreover, detritivore-based food webs commonly experience stoichiometric imbalances for nitrogen and phosphorous. Detritivory is common in subterranean habitats, and, indeed, the available data suggest the importance of nitrogen-phosphorous stoichiometry in subterranean habitats (Schneider et al. 2010 and the references therein). The quantity and quality of food therefore seems a strong attractant for cave-adapted species. Nevertheless, the evidence that subterranean species actively forage along the upper boundary is scarce. Different lineages of the cave salamander Proteus anguinus regularly exhibit overnight feeding outside caves (Sket 2008) . A dietary analysis of Niphargus timavi (Fišer et al. 2010a ) supports the hypothesis that stygobiotic species feed along the upper boundary. Massive predation on ephemeropteran larvae is in concordance with stomach content data (Fišer et al. 2010a) , and further reinforces the hypothesis that this species forages along the upper boundary of subterranean habitat.
Limitations resulting from competition and predation
If troglomorphic species are less common than expected in photic habitats because of energy considerations, the question is what constrains their occurrence. The inhabitants of species-poor environments might be poor competitors in more ecologically complex surface environments. Although competition and predation by surface-dwelling species may limit the extent of the distribution of stygobionts in photic habitats (Sket 2008 and the references therein), this hypothesis has rarely been tested. Because of eyelessness, troglomorphic species are especially vulnerable to visually oriented predators in photic environments. The best-studied case is that of Niphargus timavi (table 1) . This species lives year-round in an upper stretch of a small forest brook (Luštrik et al. 2011 and the references therein) that sinks for some tens of meters and reemerges on the surface. Niphargus timavi coexists with its potential surface competitor and predator, Gammarus fossarum, in the lower reaches of the spring run. Gammarus fossarum, for reasons that are not clear, does not cross the subterranean stretch of the stream; therefore, only N. timavi is present in the upper reaches, and it is therefore in a predator-free and competitorfree environment. There are several surprising aspects of the details of their pattern of coexistence. Although their diet overlaps, the two amphipod species thrive in different substrates (Luštrik et al. 2011) . The expectation that the presence of Gammarus affects the presence of Niphargus (i.e., a kind of habitat displacement) turned out not to be true. Niphargus showed a similar preference for the substrate in the upper and lower stretch with and without the putative competitor. Luštrik and colleagues (2011) also tested whether predation by Gammarus affects the distribution of Niphargus. By analogy with competition models, Gammarus predation might affect Niphargus population growth only if interspecific predation significantly exceeded intraspecific predation. A bit surprisingly, N. timavi is a more efficient predator. Although these data indicate that interspecific interactions yield little or no effect on the present-day distribution of stygobionts, the impact of past interspecific interactions cannot be ruled out.
Limitations resulting from ultraviolet light damage
As a complement to the role of interspecific interactions, many authors have argued that with little or no protective pigment, stygobionts may suffer from the deleterious effects of ultraviolet light (Langecker 2000) . Indeed, direct exposure to light apparently leads to death in planarians (Merker and Gilbert 1932) , ostracods (Maguire 1960) , and even Niphargus virei (Ginet 1960) . Light itself causes a stress response in Niphargus stygius (Simičič and Brancelj 2007) , and it is likely that a prolonged stress response as a result of exposure to light could eventually lead to death, as could direct damage to the animals caused by ultraviolet light. However, the presence of a number of Niphargus species in photic habitats indicates that the damage resulting from ultraviolet light is not universal and may not be important in the relatively dim light of forest brooks.
Foraging with minimal risk: Evolution of behavior
A strategy for a troglomorphic animal that would maximize access to resources and minimize the negative impacts of factors characteristic of surface environments would be to forage at the boundary but to avoid photic areas, especially strongly illuminated ones. If, as is likely, the boundary between aphotic and photic zones is a mosaic of different light intensities, troglomorphic species could exist in close proximity to surface-dwelling species and to light.
A possible mechanism mediating relatively safe foraging along the upper boundary is light-avoidance behavior. Light detection is broadly retained in subterranean aquatic vertebrates and invertebrates, and the most common behavioral response to light is avoidance (Friedrich 2013) . There is an obvious difference between the light response of species from springs and that of species from deeper parts of the caves; the response to light is decreased in species living in deeper parts of caves (Langecker 2000 , Niemiller et al. 2013 ). In addition, Friedrich (2013) demonstrated that many cavelimited species previously thought to be eyeless actually have functioning micro-opthalmic eyes, which strongly suggests an ongoing functional role for the eyes of many subterranean species. In addition, most of the micro-opthalmic species retained a circadian clock, which further substantiates the idea that light is an important aspect of many stygobionts' and troglobionts' habitat. Eyeless Niphargus species detect light and show avoidance to it (Borowsky 2011 , Friedrich 2013 . Langecker (2000) also suggested that light-avoidance behavior in terrestrial subterranean species may be directly related to a chance that the species might disperse to surface habitats. The observations of occurrence of stygobionts in photic environments may have the same ecological cause; that is, foraging in energy-rich habitats would be controlled by photophobic behavior that limits the lethal consequences of light and interspecific interactions.
However, this trade-off between light avoidance and the exploitation of photic habitats ignores the existence of intermediate habitats-twilight habitats, such as springs and gravel beds in streams-where the effects of deleterious species interactions and ultraviolet light damage are reduced. Several field observations support the hypotheses that troglomorphic species occasionally move between predator-free subterranean and food-rich surface environments and that light is an important factor in this dynamic. First, all species listed in table 1 are also present in many subterranean habitats. Moreover, manyif not all-of the sites from table 1 are directly connected with groundwater (e.g., Ginet and David 1963) . Second, none of the surface habitats where Niphargus was found was exposed to direct sunlight. The surface sites for Niphargus listed by Fišer and colleagues (2006) are all deeply shaded. Measurements of light conditions in these sites suggest a strong reduction of direct sunlight, which is likely further reduced on a micro scale. Systematic searches for Niphargus in sun-exposed sites have yielded no records. If light intensity regulates the distribution of stygobiotic species, the abundance of individuals of stygobiotic species in surface habitats should fluctuate daily. Indeed, overnight feeding documented in Proteus (Sket 2008 ) is consistent with light-guided behavior: this species exhibits positive and negative phototaxis in dim and bright light, respectively (Schlegel et al. 2009 ).
Upper-boundary challenges
The data from upper boundary are in accord with the hypothesis of Pipan and Culver (2012) that light is the central environmental factor that separates the subterranean from the surface realm. A number of questions remain to be rigorously tested. Can specialized subterranean species successfully recolonize surface habitats, as was suggested by Prendini and colleagues (2010) for scorpions, or do they simply forage along the light-determined boundary and remain essentially subterranean? Next, it is unclear which ultimate factor (interspecific interactions, the direct impact of light) played a more important role in the evolution of the proximal mechanisms (habitat choice) that presumably constrain stygobionts to a subterranean environment. How do eyeless species detect light? Is light avoidance by stygobionts guided by simple structures similar to those for Drosophila melanogaster larvae, for which the arborization of neurons in each body segment mediates light avoidance (Xiang et al. 2010 )? Finally, low light (twilight) regimes lead to a stress response in subterranean species exposed to light (Simčič and Brancelj 2007) . Do habitat choice mechanisms evolve via a stress response? Stress may have important evolutionary consequences, and the integration of stress physiology and ecological selection seems to be an important venue for future research (Lexer and Fay 2005) .
Patterns and processes at the lower boundary
The lower vertical boundaries are less well explored, and commonalities between it and the upper boundary are difficult to identify. This comes as no surprise, because these habitats are technically difficult to access, and the ecological conditions in them are poorly studied. We surveyed literature reports on the vertical extent of stygobionts for aquatic metazoans, which have been reported at depth from lakes, wells, caves, and mines. We encountered two issues related to the measurement of depth in meters. First, caves 1000 meters (m) deep under a mountain with entries at the peak and caves at sea level do not share the same ecological conditions. For this reason, we treat categories of deep habitats separately. Second, deep habitats, especially those in the caves with high entrances under mountains, might not be as deep as measurements may indicate. Depending on geomorphology, such habitats might be much closer to the surface, connected with tiny fractures and voids inaccessible to humans in a horizontal direction. The problem is illustrated in figure 1 . In order to avoid inadequate measurements of depth, we attempted to relate depth-associated problems with environmental conditions. To do this, we selected four presumably important environmental variables: pressure, temperature, organic carbon, and oxygen. All four parameters are considered from three points of view:
• (1) What are the limits of any life along given environmental gradient?
• (2) What are the limits of eumetazoan life along given environmental gradient? And
• (3) What are the data for groundwater species?
The deepest records for stygobionts are listed in table 2. Amphipods and flatworms were found to a depth of 500 m in lakes, amphipods and fishes to a depth of 600 m in wells, amphipods and dipterans to a depth of 2200 m in caves, and nematodes to a depth of 3600 m in mines.
Pressure
Pressure increases with depth. In porous sediments and rocks, lithostatic pressure is caused by hydrostatic pressure and by the overburden weight of material (Picard and Daniel 2013) . Therefore, lithostatic pressure increases by a factor 1.5-2.8 times the increase in hydrostatic pressure. Microorganisms survive pressures up to 50,000 megapascals (MPa), and Eumetazoans thrive in the deep sea, where pressure reaches 90 MPa. Amphipods represent a particularly conspicuous and ubiquitous component of the trench fauna (Jamieson et al. 2010) . Several marine amphipods were found at depths below 5000 m (roughly 50 MPa), and there are even records below 9000 m (roughly 90 MPa; Jamieson et al. 2010) . Data from mines do not include pressure, but in the most extreme case listed in table 2, lithostatic pressure at a depth of 3600 m might indicate the upper limit of pressure (taking into account the lithostatic multiplier of 2.8, the pressure would slightly exceed 10 MPa). Caves under mountains with entries at their peaks are not extreme in this respect; all of the caves in table 2 barely even reach the water table.
Temperature
Temperature varies with altitude, latitude, and depth. Microbial life has been found between -26 degrees Celsius (°C) in Antarctica (Pearce 2009 ) and 113°C at hydrothermal vents on the ocean floor (Pedersen 2000) . For freshwater eumetazoans, the freezing point, at roughly 0°C, clearly presents the lower temperature boundary. Records of stygobionts from caves at higher elevations range close to this lower boundary at 2°C (Karaman 1976) . However, geothermal heating causes more serious constraints on life. Water from deep wells may reach up to 295°C; no culturable microbes were detected in water at 118°C (Pedersen 2000) . The depths at which temperatures hit lethal value vary across localities (Pedersen 2000) . In addition, thermal tolerances differ across phyla. Fungi and eukaryotic algae cannot survive above 60°C, and records for amoebae exist only lower than 57°C (Baumgartner et al. 2009 ). The lethal temperature for most other metazoans is approximately 50°C (Mitchell 1974) . The temperature in deep mines in which nematodes were found was close to the upper limit (48°C); therefore, stygobionts can survive temperatures at the upper survival limit for eumetazoans.
Organic carbon
Organic carbon is probably not a limiting factor for microbial life. Subsurface chemoautotrophy (Culver and Pipan 2009 ) likely extends as deep as microbial activity occurs in aquifers, up to at least several kilometers in depth (Colwell and D'Hondt 2013) . Data from sinking streams suggest that the concentration of organic carbon declines as the water moves along the cave systems (Culver and Pipan 2009 ). Therefore, the depth (measured in terms of food), of nonchemoautotrophic habitats is determined by the connectivity of the system with the surface and the orientation of the main water channels. This is particularly important for understanding deep caves in the mountains. Cracks and fissures may present a number of connections to the surface other than the large channels accessible to researchers (figure 1).
No data on organic carbon exist from deep mines; however, because these cavities are permanently filled with Figure 1 . The vertical extent of a subterranean environment. Species in the ecotone between the surface and the subterranean environment find more food of higher quality but also experience danger from ultraviolet light and interspecific interactions. The depth of the subterranean habitat measured in meters is not informative. Two caves of roughly the same depth do not share the same environmental conditions. Despite its depth, the cave on the right is much closer to the surface than the one on the left, connected by lateral cracks in the cave walls. The pressure and temperature increase with depth in the left but not in the right cave. Oxygen and allochtonous organic carbon are spread by diffusion in the left cave, except for chemoautotrophy (the grey dots). In contrast, the right cave may receive substantial amounts of organic carbon through lateral input from tiny voids and fissures (the dashed arrows). This best illustrates the presence of a species from genus Niphargobates. The first record of the species is from a shallow subterranean habitat; more recent records are from a depth of approximately 600 meters, in caves of Velebit Mountains. The geomorphology of this mountain ridge may resemble the situation in the figure, which clearly suggests that the depth of 600 meters does not mean 600 meters from the surface. stagnant water, it is reasonable to hypothesize that little if any organic matter from the surface reaches these depths. The diffusion is slow and probably insufficient to feed animals at these depths. It is likely that most of the community at the lower boundary completely depends on chemoautotrophic activity (see Borgonie et al. 2011) . This limitation as a result of low organic carbon and nutrients has been most thoroughly studied in cave species. It is well known that cave crustaceans can survive without obvious food for almost a year (Hervant and Renault 2002 and the references therein), although microbes and dissolved organic carbon may be present. In comparison to their surface-dwelling relatives, it also seems that stygobionts employ a different strategy of exploitation of their reserves (Hervant and Renault 2002 and the references therein). Moreover, these species may reuse energy-rich products of their own metabolism, such as the lactate that occurs in hypoxic conditions (Hervant et al. 1998) .
Oxygen
Oxygen may not be limiting for metazoan life at depth. By analogy to organic carbon, as long as water flows and mixes with air, it can be well oxygenated. However, in the phreatic zone, oxygen concentration depends on its diffusion, and hypoxic layers are common (Malard and Hervant 2012) . High heterogeneity at centimeter to meter scales is well recognized. Hypoxic water (1 milligram of oxygen per liter [mg O 2 per L]) can be found only a few meters below the water table (Malard and Hervant 2012) . However, concentrations of 2-8 mg O 2 per L have been measured in hot water (30°C-60°C) pumped from depths 200-2300 m (Malard and Hervant 2012) . Calcareous foraminiferans, nematodes, and annelids are major components of mid-water marine areas at continental margins across extensive areas in which oxygen concentrations fall below 0.35 mg O 2 per L (Levin 2003) . Both species richness and species abundance decrease toward the geographical centers of these zones (Levin 2003) . Hervant and colleagues (1998) studied the response to hypoxia of the subterranean amphipod Niphargus and the isopod Stenasellus, in comparison with surface-dwelling Gammarus and Asellus, respectively. Subterranean species respond to hypoxia earlier (i.e., a decrease of locomotor activity, a decrease of respiratory activity) and survive longer periods of hypoxia and anoxia. In addition, the recovery of the oxygen debt in subterranean species is faster, and lactate, a product of anaerobic metabolism, is not oxidized but reused. Finally, subterranean species from sulfide-rich caves face a problem with oxygen similar to that faced by species at the lower boundary. Sulfide binds to cytochrome c oxidase and inhibits mitochondrial transport. However, at least three cave systems are known to harbor species-rich communities: Movile cave, in Romania (Sarbu 2000) ; the Frasassi cave system, in Italy (Dattagupta et al. 2009 ); and Aylon cave, in Israel (Por et al. 2013) . At least two Niphargus species from the Frasassi cave system tolerate hypoxic conditions (concentrations between 0.1 and 0.3 mg O 2 per L; Bauermeister et al. 2013) . Interestingly, both studied species tolerate even higher concentrations of hydrogen sulfide than those measured in the field. Field observations indicate that at least some Niphargus species swim between less and more oxygenated layers (Dattagupta et al. 2009 ).
Lower-boundary challenges
The data summarized in table 2 define the most extreme limits of abiotic parameters in which freshwater eumetazoans live: pressure up to 10 MPa, temperature between 0°C and 50°C, and oxygen concentrations above 0.085 mg O 2 per L. The lower boundary of organic carbon cannot be determined but may be less limiting than one might think. Several papers have emphasized the abundance of microbes in subterranean environments, albeit local abundances seem to be highly variable (Colwell and D'Hondt 2013) . It has also been acknowledged that microbial metabolic rates and microbial growth in the deep biosphere are low (Colwell and D'Hondt 2013) . However, it seems that extreme values of all four parameters are reached in the subterranean environment.
We foresee three important areas of future research. First, suitable habitats in the deep biosphere are highly diverse. The deepest records of species vary: 500 m for lakes, 600 m for wells, 2140 meters for caves, and 3600 meters for mines (table 2). These depths inadequately encapsulate the factors that set the constraints on eumetazoan life. The least challenging are caves above the water table. Regardless the depth measured, the real question is how well these habitats are connected to a surface; that is, what is the real distance to the surface and how well do tiny animals communicate with the surface along the minute voids? The situation is quite different in habitats deep below the water table. We have no clear idea of what the habitat matrix at great depths looks like. Certainly, microbes as food source are not the sole limiting factors for cavities large enough for eumetazons, as was considered by Colwell and D'Hondt (2013) . The use of environmental DNA has recently been shown to be an effective tool for the detection of genetic monitoring of species presence in freshwater ecosystems (e.g., Thomsen et al. 2012 ) and may, in the near future, become a major tool for the investigation of eumetazoan life at great depths. Second, interactions among environmental factors are poorly understood. For example, high temperature raises basal metabolism, which, in turn, raises the needs for food and oxygen. Moreover, food enrichment may cause local hypoxia or even anoxia (Malard and Hervant 2012) . This leads to the third problem: connectivity and dispersal. Animals are able to move and can experience harsher conditions for shorter periods of time. Niphargus survives anoxia for about half a day (Malard and Hervant 2012 )-long enough to exploit chemoautotrophic resources in the anoxic zone and withdraw to oxygenated water (e.g., Dattagupta et al. 2009 ). The lower boundary likely presents an intermixture of suitable and unsuitable patches, and the depths that harbor metazoans depend on the labyrinth of suitable environmental conditions. A decrease in abundances can be expected (e.g., Levin 2003) and is in line with observations in the field (Borgonie et al. 2011 ).
Conclusions
It seems that different biological processes operate at both upper and lower boundaries. The entire stygobiont community seems to be analogous to the classic study of the limits of vertical zonation in a single species, the barnacle Chthamalus stellatus in the rock intertidal zone in Scotland (Connell 1961) . The upper limit of adults is determined by desiccation during low tide, whereas the lower limit is set by biological interactions-primarily, competition with another barnacle, Balanus balanoides, and, secondarily, predation by a snail, Thais lapillus.
In the subterranean aquatic environment, the upper boundary seems to be characterized by limitations that adaptations for a subterranean environment impose on stygobionts, especially those related to eye and pigment loss. The processes at the lower boundary are completely different. The abiotic environment, itself, may be a major barrier, because it requires significant adaptations. What seems to be sure is that life in groundwater approaches the known limits of the abiotic parameters that were set for eumetazoan life. It is surprising how little research has been devoted to these issues, because both boundaries offer an exciting-albeit different-playground for future research. The upper boundary is an interesting system for the study of classic ecologic questions such as how ecologically distinct species interact with the environment and with each other.
The lower boundary, by contrast, warrants research into one of the most poorly explored areas of the biosphere.
